Large engineering projects have become the norm with new additional requirements arising from the point of view of life cycle management of the product. Traditional methods for generating requirements and concept generation often have not taken into account the range and diversity of disciplines that have to be part of the process. In this paper, we propose two novel processes: one for the problem definition phase and the second for the concept generation phase. These processes, by design, attempt to bring together a variety of experiences in the early stages of product development to ensure the identification of the set of goals from conception to disposal. These methods have been used in classroom settings and in industrial contexts and have been effective. However, more detailed studies of their effectiveness and tools to support these methods in large scale projects are part of future explorations with these methods.
Introduction
What if it is discovered that after using the most advanced management techniques and tools, in a large scale project, ready for delivery that some needs of the known stakeholders and those of unrecognized stakeholders were left out. Instead of a highly successful product that was developed in record time with less than estimated resources, we might have a total failure. What we must remember that in large-scale projects, the initial stages, or what has been termed, the fuzzy front-end, is ever more critical than in smaller products, where these stages control about 80% of the cost and quality of the final product (Pahl and Beitz, 1996; Ullman, 2003) . What is unfortunate is that in such projects, exercising the initial stages is more complex due to the difficulty in even identifying who the stakeholders are and what their needs or requirements are.
Product Life cycle Management (PLM) has become an important topic due to the recognition that conceiving a product is not just about its design and production, but its recyclability and sustainability, and the ability to make it satisfy a variety of customers in the market (Stark, 2004; Subrahmanian, 2005) . This broad definition of the design and realization of the product requires approaches during the early stages of design that incorporate a range of disciplines, stakeholders and market needs to create products that use less energy, are recyclable and composable for different contexts. There have been efforts that are directed at Design for X (where X could be assembly, recyclability, or manufacturability). A PLM approach would require the integration of design for all of the Xs. It is precisely the comprehensive perspective of PLM that requires a thorough and deliberate inclusion for all perspectives in the early stages of the design of the product. When projects or products fail to perform, we can often identify the failure to the lack of inclusivity of a certain perspective in the early stages of the design process. Examples of such failures in the area of Information Communication Technologies for Development have been enumerated in (Tongia and Subrahmanian, 2006) .
In this paper, to address the problem of inclusiveness in the early stages of the design process, we combine two methods that were developed to deal with the problem of bringing all the perspectives together to ensure that their concerns are taken into account. These methods have been in development and in use independently in real life contexts. In this paper, we propose a model to integrate the two processes of a) Problem Definition and b) Concept Generation. Both of these methods are unique in their characteristics and are different from existing methods in the literature for either problem definition or concept generation.
The first process is directed at developing the definition of the problem and the second process aids in the development of alternative viable conceptual solutions to the problem. Both processes are based on bringing multiple disciplines and perspectives together to achieve the best results possible. In this model, the approach is to first create alternative problem definitions and for the chosen problem formulations to develop alternative problem solutions concepts. The principle of the approach is to create a well-defined and rigorous definition of the problem that can serve as a record of understanding of the participants in the formulation process. Once the definition is created, the second part of the method is to create alternative conceptual solutions again in a rigorous manner that can be evaluated against the formulation of the problem and to detail the potential conceptual solutions.
The following two sections will describe the two-part approach and they are called: a) Wicked problem approach b) Subjective Objective System for solutions concepts The last two sections present an outline for combining the above two processes and future directions.
Wicked Problem Approach:
A definition and process to developing problem formulation Rittel and Weber (1973) first coined the term, Wicked problem, in the context of urban and policy planning problems. The fundamental aspect of any planning problem is that it is not definable easily and that the problem definition evolves from a process of proposing a potential definition and its potential solutions. In light of the solution principle, we need to re-examine the problem definition again. As the solution principles are defined, the problem often transforms into a different problem from the one that was originally envisioned.
In the case of wicked problems, it is the ill-structured nature of the problem being solved that does not lend itself to assuming that the problem has been defined in terms of perceived needs for which there might exist a straight forward method of problem solving. Other characteristics of wicked problems include (Rittel and Weber, 1973 Large scale projects such as a new aircraft series, infrastructure design (transportation systems, power systems, etc.) belong to the class of planning and execution of novel products and systems. We will now turn to the process of taming a wicked problem.
A process to extract the wisdom of teams
The Wicked problem approach is a process that creates an environment to elicit quickly and reliably the wisdom of carefully constructed independent diverse groups. The process determines the fundamental problem to be solved along with the important elements and metrics of its solution.
Due to the inherent nature of Wicked problems, the primary assumption of the approach presented here is that the more comprehensive the set of perspectives that can be brought together in the definition process the better the formulation would be. The evidence for this assumption, about achieving better results by employing multiple and diverse perspectives, has been termed "Wisdom of Crowds" by Sureweiki (2004) . Sureweiki argues with numerous examples that the wisdom of crowds often works better than purely expert-based approaches. We will use the term wisdom of teams 3 to imply wide participation of perspectives especially in the context of design problems of all kinds (Reich et al., 1996) . The observations have also been substantiated by studies and observations in the world of computational agents that the multiple distributed asynchronous agents working together and sharing partial solutions lead to faster and better solutions (Talukdar and de Souza, 1992) . The participation of large number of people with diverse backgrounds and opinions ensures decentralization of idea generation and the provision of mechanisms for aggregation will lead to eliminating most of the possible things that can go wrong. It is in this sense that eliminating the possibility of going wrong -an important condition for a Wicked problem -can be achieved. Hence, the process proposed uses the underlying principles of extracting the wisdom of teams and the replication of the efficiency of arriving at formulations as in the case of asynchronous (decentralized) agent based problem solving systems. Towards that end, the following steps describe the process.
Team formation
Creating the team that needs to be tapped for the problem formulation process is critical, as it requires ensuring diversity. There are three dimensions to the formation of diverse groups: a) experience of the people; b) their problem solving inclination measured by the Myers Briggs (1985) test; and c) training. Besides these, we also take into account age, gender, and other relevant characteristics in defining a diverse team. The approach ensures the first condition in extracting the wisdom of crowds -Diversity of opinion.
Idea creation
This step is critical in creating an environment for independence and decentralization in the Wicked problem approach. To create an environment of independence, several small teams (4-5 persons each) of diverse compositions are formed; in each group there is diversity as well as the ability to present ideas by all individuals. Multiple teams (5-7) lead to the decentralization that ensures that local knowledge of the participants in the group is embodied in the creation of ideas. The process for idea creation has two steps. They are: a) expansion and b) closure. The expansion step consists of idea generation and collaboration.
The expansion step takes a starting concept and each group elaborates the same concept to identify the target concept. The collaborative step leads to sharing the target concepts across the different groups by the generation of a set of targets. These steps embody both the idea of independence and decentralization that is critical to extracting the wisdom of teams. Figure 1 Step Closure This step is where all the groups involved will share their starting concepts and analyze them to arrive at a set of target concepts that are commonly agreed upon by collaborative discussion. This step is critical from the perspective of ownership of the target concepts by the participants. The choice of the target concepts as accepted by the group will embody the trade-off inherent in the choices. The critical analysis in this step provides for the refinement of the target concepts as well as the discarding of those that will lead to the wrong approach. This step corresponds to the aggregation aspect of extracting the wisdom of teams. Figure 2 illustrates this process.
In the context of a complex process that involves a multiple inter-related concept development process, the above two steps of idea creation and closure are repeated multiple times until all the concepts are explored and their interrelationships thoroughly examined. The primary goal of the process is to ensure that the basic components of the problem formulation components are being explored and get as well defined as possible. Applying the process of extraction of wisdom of teams we will use the steps of expansion and closure.
The expansion step allows each group to describe the problem elements incrementally by iterative use of ideas generation and collaboration steps. For example, in the first stage of the process, the expansion step would identify the initial components of Stakeholders, Goals and Context. In the collaboration step all groups would share the three components that often lead to each group modifying their components to reflect the input from other teams. Figure 3 is an illustration of applying the process for the goals generation component. After the collaboration step, individual groups repeat the idea generation step to identify decision variables and the design space as envisioned by each of the teams. This step then leads to the identification of a base case solution. At this stage, each team will use their base case and their definition of the problem up to that stage and identify the metrics associated with decision variables and the goals. Having done so, each group will share the formulations for the last round of learning about how each of the teams has formulated the problem. Finally, each of the teams would revise the formulation if they deem necessary, and create the tests associated with each of the goals and the constraints. The tests can be of any kind from being evaluated subjectively by a committee or computational simulation or physical testing, as long they are a justifiable means for testing. This final step would complete the formulation of the problem with the number of formulations equal to the number of teams. The problem formulation is then shared among the teams for discussions. In the closure step, the formulations are justified by each team, leading to the trade offs implicit in the potential choices of the problem formulations.
It is at this point that all of the concepts generated can be reformulated into a mathematical notation to the extent possible by the identification of the goals into objectives and constraints using the decision variables. A record of the process 4 provides the rationale and the perspectives that went into each of the formulations. The choice of the formulation itself can be viewed as a step that involves closure in terms of how the exploration of conceptual solutions to the problem is undertaken.
Characterizing the end product of Wicked problem formulation Process
The record of the process would result in the following:
Stakeholders
The context of the problem determines the stakeholders and the assumptions associated with describing the context. Based on their identification, the following are determined to describe the problem that has been bounded by the wicked problem process.
Goals
Goals are divided into two parts; they are Objectives and Constraints. Objectives are goals that aim to achieve extremum values; otherwise, the goals are represented in the form of constraints where a certain threshold is specified. Both objectives and constraints are represented using a linear or non-linear combination of the decision variables and other parameters.
Decision variables and Design space
Decision variables, D i , are the independent variables that characterize the problem. Design space is represented by the Cartesian product of the set of decision variables that characterize the problem as generated by the Wicked problem process.
Representation of objectives and Constraints in terms of decision variables
Objectives are represented as a collection of dependent variable P 1 , through P n such as:
where each D i is a decision variable that participates in the expression and each C i is a parameters associated with each D i for a given expression of P i . All wicked problems are multi-objective problems and hence are not characterized by a single objective function, resulting in different choices for the set of objectives and constraints; hence different formulations of the problem. This is where the diversity among the teams is displayed.
The constraints are expressed as where
, P i are similarly expressed as before, and T i is a threshold associated with a given constraint expressed for a given P i .
Metrics are associated with dependent variables and decision variables. In each of these cases, the measures associated with goals and constraints are matched to have the same units in the expression. Hence each D i has associated with it a dimensional measure or a dimensionless measure. The measure may be qualitative or quantitative depending on the nature of the dependent variables that characterize the goals or constraints.
Base case solutions
Base case solution is a characterization of a solution that corresponds to the problem being formulated. The base case is used as a means to ensure that all the variables dependent and independent are well defined and the measure corresponding to them are well determined. Base case solutions are composition of pre-existing solutions to partially or fully overlapping formulated problems with respect to the current problem at hand.
Tests
For each goal (objectives and constraints), a test is associated with it that may be qualitative or quantitative. The test measures the conformance of a given dependent variable that is expressed by an objective or constraint for a given solution in the design space. The tests are of different kinds that vary from consensus based evaluation, to simulations, and to physical tests. The tests provide a cross checking mechanism ensuring that goals can be met as per agreement of the stakeholders of the process.
For each such formulation there will exist solutions with the dimension implied by the number of objectives chosen in the formulation. Hence for each such formulation a Pareto set of solutions can be generated as alternatives.
Examples of the final problem formulation Example 1
The first example illustrates the differences between two groups that are assigned to identify the goals of design of petrochemical plants. The groups' formulations show the divergence between their thinking (Herder, 1999] The above example illustrates the generation of different goals by two different groups in the expansion step. In the collaboration step the teams will often look at their different goals and arrive at the goals for which they are comfortable but not necessarily arrive at the same set of goals. Nevertheless, describing the entire process would be very difficult in this context. Choice of these two different sets of goals will lead to different formulations of the problem. We will now take a simple problem and represent the final result of the formulation process for a single formulation among several that were generated.
Example 2
The problem is to schedule crunchy and creamy peanut butter production.
The end result of the process of going through the Wicked problem approach for a team is shown below. For each team, a formulation similar to the one below is generated with different set of goals chosen by a team.
Context
In order to formulate this problem, the following assumptions about the context were made: 1. We are provided (Figure 4 ) with the demand profile for product A and B (Crunchy = type A, Creamy = type B) as a function of time. We have cut the profile into n pieces for n periods throughout the year, and assumed that all the demand for each period occurs instantaneously on the last instant of the period (i.e., trucks leave on the last day to deliver the demand). The demand for each period and product is summed and termed
(for product j, and period i), but this demand is actually due at the last instant of period ( )
. As a matter of simplicity, we have shifted the demand curve back one period to allow us to provide the demand for the ( ) Accordingly, we basically renamed the demand for period
3. The production of butter is a single stage process. 4. The demand for the whole year for both butters can be met by the capacity of our plant. 5. After production of each batch (a defined quantity), cleaning is mandatory, even if the next batch will be the same product (i.e., the maximum amount produced before cleaning is at most one batch of either product). 6. We assume that partial batch production is economically infeasible due to excessive wastes, and furthermore, that demand per period (or production cycle) will always be at least one batch's worth. Also, for economical reasons, we assume Single Production Campaign (SPC) for production of A and B (as we produce all the demand for product A and then the demand for product B, or visa versa); i.e., only one switch from product to product is allowed per period. 7. Inventory costs for products A and B are given and are equal.
8. Times of no production do not hurt profits, i.e., ignoring holding costs, slowly producing over the course of the period/year is equivalent to quickly producing right at the end. 6. From a manufacturing standpoint, smaller the number of periods (i.e. longer time period) in a year, simpler the production schedule. Furthermore, our company would like to send out large quantities of goods at once (we do not want trucks leaving every week half full).
Problem formulation Defined Terms

Design Space
The design space will be all the possible schedules -constructed using the decision variables .
Constraints
The constraints are: 1. Satisfy demand of products throughout the year. 2. Since we are running a single campaign production cycle, time of production of A plus B must be less then the period time k. 3. The intersection of the vectors of start and stop times for products A and B must equal zero because there is only one machine. 4. We must produce an integer multiplier of a batch (i.e., we cannot produce half a batch; only integer value batches are allowed). 5. Defines the values of period time allowed, max = 1 year, min = shortest time to produce 2 batches.
Decision Variables
• for all i and j
Test for Objectives
From the problem, the design should include a schedule that minimizes product inventory and satisfies demand for each type of product in each period and minimizes the cleaning time. The test for these objectives and other constraints can be done analytically or through simulation. The teams decide which methods will be used for testing the solution. Similarly for each of the constraints, the associated tests have to be identified.
The example has been made brief for providing an overview of the results and not to present a complete mathematical representation of the same. As was mentioned, mathematical notation is used for clarity and not necessarily to fit the use of a solution method.
Context of application of the method
The above process has been applied in the classroom for over 6 years to teach students in the art of formulating problems (Subrahmanian, 2003) . The students were divided into groups and the process was used to train them from small to sufficiently large undefined problems. The approach has been applied in industry for a number of problems and has resulted in some very substantial changes to the original conception of the problem. We have used this approach with 10 to 35 persons. We have taught and used this process at Boeing and Air Products to specific problems faced at their respective firms. The framework has also been used to identify deficiencies in problem definition with existing and past designs (Tongia and Subrahmanian, 2006 ).
In the next section, we describe the process of solution concepts generation that again uses multiple perspectives. Consequently, it can use the results of the formulation process to provide a better overall problem solution.
SOS: Subjective Objective System for generating robust solution concepts
SOS is a method for generating robust product concepts (Reich and Ziv-Av, 2005; Ziv-Av and . It creates the best concept that maximizes the satisfaction of a set of goals and adheres to specified constraints.
Definitions
We use the following definitions in explaining the SOS method:
Customer requirements are product properties that are specified by the customer or the product users.
Implementation requirements are product properties derived from the context of the manufacturing organization including its capabilities, for example, a capability to mass-produce a product, which determines the product production cost.
Engineering environment is the setting in which the design takes place. In particular, it determines the product building blocks: product descriptors such as components, parameters, or technologies, used by designers to describe the design solution.
Constraints are dependencies and limitations placed on the use of various combinations of building blocks when creating the product concept.
An optimal objective product concept is the best product concept that can be found to maximize attaining the customer requirements but without taking into account any resource, organization, or issues such as investment, risk, knowledge, etc.
An optimal subjective product concept is the best product concept that is independent of functionality, but addresses all implementation characteristics such as manufacturability, simplicity, cost, risk, investment, know-how, etc.
A decision layer is a part of the objective or subjective concept formulation that organizes the relevant information in relation to the layer topic (e.g., product simplicity). The layer topic is either a customer or implementation characteristic.
A decision layer weight is the relative importance placed by the customer and/or designer on each of the decision layers.
An optimal concept is formed by combining the formulations of the objective and subjective product concepts and solving it. SOS is formulated as a maximization problem, where a function that includes all contributions, is expressed and maximized subject to constraints. Figure 6 shows the general arrangement of m layers. There is a layer for each customer or implementation requirements. The vector D of length n denotes the engineering environment components and is the same for all layers. We assume the availability of a database of existing components or parameters, or that the design team that uses the method can provide building blocks for potential inclusion into the product concept. In many areas, these building blocks are well identified (e.g., aircraft design); nonetheless, conceiving a product concept is a challenging task (e.g., defining the concept of a new aircraft). The elements of D take 1 or 0 values depending on whether they are incorporated or not in the design concept. There are constraints between the candidate design building blocks. They are modeled by: 
The layers organization
, makes sure that only one would be selected for the design concept.
• Functional necessity: When component must be selected if component is selected we get
This works if
is set to 1, must be set to 1 also to satisfy the equation. If is set to 0 (not selected), can assume any value to satisfy the equation. 
Discussions and Future work
Most problem definition methods such as brainstorming and De-Bono's sex hats are based on creating ideas that attempt facilitating a broad variety of perspectives to provide input to both the problem definition and solution process. While these methods have been useful anecdotally, their effectiveness is questionable (Paulus et al., 1993) . In our approach, we have attempted to arrive at a process that is more structured than the prior methods and is directed at designing the problem definition process explicitly to ensure focused and broad participation of the stakeholders. Our approach addresses the issue of the inherent wicked nature of most design problems and scale in terms of participation. The evaluation of our approach for its effectiveness is part of the future work.
In a similar vein, we have developed a concept generation process that acknowledges the process of negotiation of product attributes and multiple-objectives inherent in the product life cycle process. Hence, not only does this process generate solutions while other methods merely select between previously generated solutions; even if we used it only for selection, it extends and modifies the prior concept selection processes such as Pugh's method and Quality function deployment method. The richness of SOS allows for incorporating platform-based design for product variety. This method has been tried in several classroom and industrial contexts. The main effort now will be in integrating these two methods in the context of real world projects to experiment and evaluate their effectiveness.
Any project that will use our approach will require several iterations of the two processes depending on the complexity and size of the problem. For example, if one were to design a Rural-Airlink system, the first task would be to derive the broad problem definition by including in the scope of the problem the available infrastructure, the scope of the airtraffic problem, scope of the aircraft being designed for the purpose, scope of the support and maintenance skill base, and several other aspects. Consequently, the project plan would have to accommodate the recursive and multi-part nature of the Rural-Airlink project. The project plan will start with the definition of the overall problem just as in the case of the design of the chemical process. The overall problem is then decomposed into several sub problems, each of which is a Wicked problem in itself, and for each of the sub problems, the conceptual solutions have to be derived. The right compositions of the conceptual solutions to each problem will have to be composed to address the overall problem.
A fundamental characteristic of both the processes is the interleaving of problem formulation and solution concept steps. The approach allows for continual refinement of both. It accommodates multiple perspectives at different levels of detail of the definition and solution. The formulation part can involve very diverse participants in the early definition and the SOS method can employ specific classes of experts. The two methods provide the flexibility to define the scope and scale of elicitation of the wisdom of teams.
The approaches described in this paper have been conducted with paper and pencil or simple computational means but it would be best done using dedicated computational support tools that do not presently exist. One of the future objectives of this work is the development of tools for aiding the above processes. The development of support tools would be useful and would contribute to the early stages of conceptual design where there are very few tools available today.
